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We investigate a chain of spinless fermions with nearest-neighbour interactions that are subject
to a local loss process. We determine the time evolution of the system using matrix product state
methods. We find that at intermediate times a metastable state is formed, which has very different
properties than usual equilibrium states. In particular, in a region around the loss, the filling is
reduced, while Friedel oscillations with a period corresponding to the original filling continue to
exist. The associated momentum distribution is emptied at all momenta by the loss process and the
Fermi edge remains approximately at its original value. Even in the presence of strong interactions,
where a redistribution by the scattering is naively expected, such a regime can exist over a long
time-scale. Additionally, we point out the existence of the interaction dependent Zeno effect in such
a system.
I. INTRODUCTION
For a long time dissipation has mainly been considered
as a nuisance which destroys the coherence of a quantum
state. However, in the last decade dissipation has been
turned into a tool and the dissipative attractor dynamics
has been used to stabilize complex quantum states [1].
Examples of such realizations are the stabilization of a
Tonks-Girardeau gas of molecules [2] or the creation of
entanglement in an ion chain [3].
With a proper engineering of the coupling to the reser-
voir, it is possible to drive the system towards a desired
quantum state. Here we concentrate on setups which
exhibit local particle losses. Such a setup is realized
using cold atomic gases subjected to an electron beam
[4] or more recently using near-resonant optical tweezers
[5]. In the setup with the electron beam the quantum
Zeno effect has been realized [6, 7] and more recently,
the phenomenon of coherent perfect absorption has been
observed [8]. Theoretically, this setup has been studied
extensively for weakly interacting bosons [9–11] and for
the Bose-Hubbard model [6, 12–14] with respect to dif-
ferent properties including transport phenomena.
More recently, interacting fermions with a single-site
dissipative defect causing particle losses were investi-
gated theoretically [15–17] and experimentally [5, 18].
It was found that the quantized transport of fermions
survives in the presence of dissipative quantum dots
[5, 18]. Additionally, the interplay between dissipation
strength, coherence and interaction leads to the emer-
gence of the fluctuation induced quantum Zeno effect
[15, 16], signaled by a reduced rate of the total particle
loss. In particular, the particle loss at the Fermi mo-
mentum is totally suppressed for repulsive interactions
and a metastable state arises, which cannot be described
by a thermal state. As different approximations have
been employed in the aforementioned work, the question
remains whether in a full treatment of both, the inter-
action and the dissipation, this metastable non-thermal
state survives.
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FIG. 1. Sketch of the set-up of interacting spinless fermions in
a one-dimensional lattice that includes hopping between ad-
jacent sites with amplitude J , nearest-neighbour interaction
with strength V and Markovian particle loss at the central
site labeled as ’0’ with dissipation strength γ.
In this article we address this question and establish
the existence of a quasi-stationary regime in time by us-
ing numerically exact matrix product state (MPS) meth-
ods to simulate the dynamics of a system of spinless
fermions with nearest-neighbour interaction exposed to
local loss processes. We simulate the full non-equilibrium
dynamics of the system with a variety of different inter-
action and dissipation strengths. In the following we first
introduce the model in Sec. II and explain the method
we use to investigate this model in Sec. III. In Sec. IV
we present the time evolution of the system; we discuss
the initial dynamics of the local density in Sec. IV A, the
quantum Zeno effect in Sec. IV B and the properties of
the metastable solution in Sec. IV C.
II. MODEL
We consider spinless fermions on a one dimensional
lattice subjected to a local loss as sketched in Fig. 1.
Fermions on neighbouring sites are interacting with each
other. The Hamiltonian describing the system is given
by,
H =− J
L−1
2 −1∑
l=−L−12
(
c†l cl+1 + H.c.
)
+ V
L−1
2 −1∑
l=−L−12
nlnl+1
+Hb. (1)
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2For simplicity, we consider a chain of L sites, where L is
an odd number. The operators cl and c
†
l are the anni-
hilation and creation operators for fermions at site l and
nl = c
†
l cl is the local density operator for fermions at site
l. The hopping amplitude and the interaction strength
are denoted by J and V , respectively. In order to de-
crease the boundary effects induced by the interaction
the term
Hb =V
(
n−L−12 + nL−12
) N
L
(2)
is added to the Hamiltonian. This term couples the den-
sity at the boundaries to the average value of the density
N/L, where N is the number of fermions, and therefore
smoothens the boundary effects. For intermediate inter-
action −2 ≤ V/J ≤ 2, the ground state of this model
can be well described by a gapless Tomonaga-Luttinger
liquid. At larger values of the interaction |V/J | > 2, the
systems enters a gapped phase and at repulsive interac-
tions, charge density wave correlations are dominant [19].
The chain of fermions is subjected at its center to a
local particle loss. In ultracold atomic gases such losses
can be created by the application of an electron beam [7]
or a local radio frequency flip [20]. The system dynamics
is described by a Lindblad master equation given by
ρ˙(t) = − i
~
[H, ρ(t)] + γ
(
c0ρ(t)c
†
0 −
1
2
{
ρ(t), c†0c0
})
,
(3)
where ρ is the density matrix of the fermionic system.
Lost particles do not reenter the system. The first term
on the right hand side describes the Hamiltonian evo-
lution of the system with the Hamiltonian given above.
The second term introduces the dissipative loss process
with the so-called jump operator given by c0 at the cen-
tral site (l = 0) with an amplitude γ.
III. METHOD
We numerically simulate the dynamics of this open
quantum system starting from the ground state of the
Hamiltonian H, which is obtained by using the density
matrix renormalization group (DMRG) method in the
formulation of matrix product states (MPS) [21]. The
dissipative nature of the system is taken into account us-
ing the Monte-Carlo wave function method [22–26]. In
this method the evolution of wave functions is calculated,
rather than the evolution of the density matrix, at the
cost of a stochastic sampling of many different trajecto-
ries. A single trajectory sample is created by a piecewise
deterministic process in which a deterministic evolution,
generated by a non-Hermitian Hamiltonian, here given
by
Heff = H − iγ
2
c†0c0, (4)
is stochastically interrupted by applications of the jump
operator. The duration of the deterministic evolution
until the next jump occurs is the so-called waiting time
τ . This time is sampled according to the cumulative
distribution
P (|ψ(t)〉 , τ) = 1− ‖exp (−iHeffτ) |ψ(t)〉‖ , (5)
specified by the decay of the norm of the evolving state,
which originates from the non-unitary evolution [25].
The time-dependent expectation value of an observable
is averaged over a sufficiently large number of stochasti-
cally sampled wave functions to get a desired accuracy.
The evolution of the observable calculated by Monte-
Carlo wave function method coincides with the results
calculated by the evolution of the density matrix with
Lindblad master equation (Eq. 3). In our work, the
deterministic part of the evolution is computed using
time-dependent matrix product state (tMPS) methods,
which efficiently approximate evolving quantum states
while keeping a very high level of accuracy[27, 28]. This
method relies on a truncation scheme, which is controlled
by the convergence parameters of the truncation weight
ε and the bond dimension D [21, 29]. In the presented
results we define a truncation goal ε = 10−12 that deter-
mines a maximum accepted truncation error, but never
exceeds a defined maximum value for the bond dimension
D = 300. Additionally, within this method we approxi-
mate the time evolution operator of the effective Hamil-
tonian by a second order Trotter-Suzuki decomposition,
which is controlled by the time step ∆t [27, 28], chosen
here as ∆t = 0.05~/J if not stated otherwise. We assure
convergence of our results with respect to these parame-
ters.
In this work, the stochastic sampling is preferred over
the full density matrix evolution which can be performed
within MPS methods by the so-called purification [21] for
three reasons. Firstly, the initial state being the ground
state of an interacting problem is a potentially highly
entangled state. Thus, it requires a very large bond di-
mension when formulated as a purified matrix product
state making an accurate description very challenging.
Secondly, the fact that the Markovian dissipation is only
represented by a single jump operator makes the addi-
tional stochastic selection among many different opera-
tors at the jump times unnecessary. This will lead to
smaller deviations between the trajectory samples. Thus
the number of trajectories needed for the convergence of
the observables is less compared to situations with many
jump operators. Furthermore, due to the presence of the
atom loss, the total number of particles is not conserved
by the full Lindblad evolution of the density matrix, and
all particle number sectors need to be taken into account.
Contrary to that, in the stochastic simulation performed
here, each part of the deterministic time-evolution with
non-unitary Hamiltonian (Eq. 2) can be computed us-
ing the atom number as a conservation law to reduce the
computational complexity. Only the applications of the
jump operator change the number of atoms.
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FIG. 2. Time evolution of the density profile starting from the ground state of H with initial filling N/L = (L− 1)/(2L) after
switching on the losses at t = 0 for attractive, vanishing and repulsive interactions. The dotted line represents the extrapolated
long-time metastable profiles, which emerge around the central site before the evolution is affected by boundary effects. Data
is shown for a system of size L = 63, different interaction strengths V/J , dissipation strength ~γ/J = 20 and 103 sampled
trajectories.
IV. TIME EVOLUTION OF THE
INTERACTING SYSTEM SUBJECTED TO
LOSSES
The local loss will lead to an emptying of the system
around the central site. In a finite system, the long time
steady state is the trivial empty system. However, we
will discuss the initial and intermediate time dynamics,
at which an interesting metastable state arises in the sys-
tem.
A. Initial evolution of the density distribution
In Fig. 2 we show the evolution of the spatial den-
sity distribution of the fermions starting from the ground
state of the Hamiltonian with (L − 1)/2 particles. At
time t = 0 the local losses are switched on. Fig. 2 shows
that already in the initial density profile, oscillations are
present which are induced by the open boundaries. These
oscillations are stronger at repulsive interactions and are
smeared out for attractive ones. After the switch-on of
the losses, the density on the central site decreases first
very quickly as n0(t) ≈ n0(0)e−αγt, where α depends
on the filling and the interaction strength, and then sat-
urates to a metastable value at large dissipation. The
saturation value n0(t → ∞) depends on the dissipation
and interaction strength. Here for the considered case of
very strong dissipation γ = 20J/~ the saturation value of
the density at central site is very low. This initial process
of the depletion of the central site by the loss can also be
seen in the total number of atoms lost from the system
as shown in Fig. 3. For very short times, the decay is
exponential, i.e. N(t) = N(0)e−t/τ1 with the time-scale
depending strongly on γ. As shown in Fig. 4, the initial
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FIG. 3. Dependence of the evolution of the total particle
number N on the dissipation strength γ for a system of size
L = 15, N(t = 0) = 7 and repulsive interaction strength
V/J = −1 exhibiting two different time regimes. Dotted and
dashed lines show exponential fits in the two time regions,
where the exponents 1/τ1,2 are associated with inverse time
scales. We present an average over 104 trajectories.
time-scale τ1 has linear dependence on the inverse of the
dissipation strength, i.e. τ1 ∝ 1/γ. The slope depends
on the interaction strength and the filling. For weak dis-
sipation strength this regime lasts for very long times
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FIG. 4. Inverse dependence of the time scale τ1 determining
the decay of N(t) in the first time regime on the dissipation
strength γ for different interaction strengths. The time scales
were extracted by exponential fits as shown in Fig. 3. Dotted
lines are linear fits in 1/γ and the dashed line is a guide to the
eye. We considered L = 15 sites, an initial particle number
N(t = 0) = 7 and 104 trajectories. The time step was chosen
as ∆tJ/~ = 0.01 for ~γ/J > 20 and ∆tJ/~ = 0.05 else.
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FIG. 5. Left panel: Time evolution of the density profile
for comparably low interaction V/J = 0.1 and low dissipa-
tion strength ~γ/J = 0.1. The dashed line marks a t → ∞
extrapolation extracted from an exponential fit with offset
in the second time region. Right panel: Dependence of the
metastable quasi-stationary state occupation of the central
site on both dissipation and interaction strength represented
by value at the longest time reachable by the simulation. A
system of size L = 63 has been considered that initially con-
tains N(t = 0) = 31 particles using 2 · 103 trajectories.
and defines the main dynamics of the system on the time
scale accessible to the simulation. In contrast, for strong
dissipation strength this regime lasts for very short times
and crosses over to a second regime.
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FIG. 6. Dissipative evolution of the density distribution
for the parameters of Fig. 2 showing a light cone structure
bounded by an interaction dependent velocity v, indicated by
the dashed line as a guide to the eye.
B. Spreading of the depletion and the Zeno effect
After the initial depletion of the central site, the tun-
neling processes between the different sites set in and
lead to a reduction of the density in a region around
the central site (Fig. 2). For strong dissipation, this is
signaled by a much slower decay of the particle number
(Fig. 3). The region which is depleted spreads linearly
with time through the system and a particle current to-
wards the central site is induced (Fig. 6). The velocity
v of the spreading depends strongly on the interaction
strength and the filling. A slower spreading is found for
the attractively interacting system compared to the non-
interacting system and a faster spreading for the repulsive
case. A metastable state is formed within the cone of the
spreading.
In the non-interacting case the spreading of the
metastable state takes place by a reduction of the density.
In contrast, the front of the spreading has very different
nature for attractive or repulsive interactions. For the
attractive case, a small density dip is followed by a high
density peak which is propagating through the system.
Behind this peak, the density is reduced and small den-
sity oscillations arise. For the repulsive interaction, the
initially stronger density oscillations are perturbed, the
density is reduced and in the metastable regime, strong
density oscillations arise close to the lossy site.
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FIG. 7. Dependence of the time scale of the particle loss for
intermediate times on the strength of the dissipative coupling
γ for different interaction strengths extracted from exponen-
tial fits of e−t/τ as shown in Fig. 3. Dotted (dashed) lines
represent fits for an inverse (a linear) dependence of the time
scale on the dissipation strength γ for the corresponding inter-
action. The linear decrease of the time scale for large values
of γ is the key signature for the quantum Zeno effect. System
and simulation parameters are the same as in Fig. 3.
The loss rate in the time-regime of the spreading is de-
creased for strong interaction and depends both on the
dissipation and the interaction strength. In order to an-
alyze this in more detail, we show in Fig. 7 the time scale
τ in this intermediate time regime before the light cone
reaches the boundaries and finite size effects set in.
In Fig. 7 the dependence of the dimensionless time
scale τJ/~ on the dissipation ~γ/J is plotted for differ-
ent interaction strengths. In the small dissipation regime
γ . J/~ this time scale decreases with increasing γ as
1/γ. This is naively expected, as the total loss rate is
mainly set by the amplitude of the dissipative coupling.
In this regime, the tunneling dynamics is faster than the
time-scale of the loss. Only a relatively weak dependence
on the interaction strength exists and can be addressed to
the different velocities of the spreading of the depletion
of the density through the system. At larger repulsive
interaction a slower time-scale is found.
In the strongly dissipative regime, the quantum Zeno
effect occurs for all considered interaction strengths. The
time scale of the loss increases again for higher dissipa-
tion proportional to γ. This increase of the time scale
can be interpreted in the way that many measurements
– which correspond to the action of the dissipation –
freeze the quantum state of the system such that its evo-
lution in time is prevented. The occurrence of the quan-
tum Zeno effect was previously predicted in an analo-
gous setup with bosonic atoms [6] and has been observed
in Ref. [7]. Our findings confirm also the findings for
the non-interacting fermionic case and a different ana-
lytical approximation [15, 16]. We further see a strong
dependence of the decay time scale on the interaction
strength. Although all interactions exhibit the quantum
Zeno effect, the decay time scale depends on the inter-
action strength. The attractive fermions decay slower
compared to non-interacting fermions and the repulsive
fermions decay faster.
C. Properties of the metastable state
As we have seen at intermediate times, a long lived
metastable state is reached in the surrounding of the
lossy site. Some properties of this metastable state
have been analyzed previously using different methods
in Ref. [15, 16]. This metastable state is very special
in the sense that is does not resemble any ground or
finite temperature state in equilibrium even consider-
ing the presence of a conservative potential at the site
of the loss. This can already be seen from the real
space density distribution. In the non-interacting case
Fig. 2(b), a depletion of the density can be seen. The
quasi-stationary value of the central site (Fig. 5) shows a
strong dependence on both the interaction and the dissi-
pation strengths. Our results are roughly approximated
by a linear behavior with the interaction strength for the
considered parameter regime. A strong dissipative cou-
pling leads to an almost complete emptying of the central
site in the metastable state. Also a depletion around the
central site becomes stable with the surprising occurrence
of oscillations in space whose period does not vary with
time. This is in contrast to the equilibrium properties
of such a system. In equilibrium Friedel oscillations of
the density are caused by an impurity which are of the
form n(x) ∝ n0 sin(2kF x)x where n0 is the average density
of the state and kF = pin0 is the Fermi wave vector. The
oscillation period depends via the Fermi momentum lin-
early on the inverse of the filling n0. Thus, a depletion
in equilibrium would lead to an increased oscillation fre-
quency. However, in the metastable state such a change
of the oscillation frequency is not observed.
Let us turn to the evolution of the momentum distribu-
tion, which further underlines the non-equilibrium nature
of this state. The prediction from the non-interacting
system and from an approximate treatment of the inter-
acting system is that the discontinuity at the Fermi mo-
mentum kF remains intact and a depletion of the lower
momenta takes place [15, 16]. This is another clear non-
equilibrium signature of the metastable state, since at
equilibrium kF behaves linearly with the filling. This is
rationalized by the fact that the loss is local in real space,
and therefore empties out all occupied momentum modes
roughly homogeneously. For repulsive interactions the
loss of particles at the Fermi momentum is suppressed
due to the scattering off the Friedel oscillations. This
effect was called the fluctuation induced quantum Zeno
effect, since it is induced by the interaction. However,
an important open question is whether the scattering in-
duced by the interaction, once fully taken into account,
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FIG. 8. Evolution of the momentum distribution repre-
sented by the Fourier transform of the density considering
only L˜ = 16 sites on the right side of the defect in the cen-
ter for V/J = 0.1 (upper panel) and V/J = 1 (lower panel).
Results are presented for system size L = 63, initial particle
number N(t = 0) = 31, dissipation strength ~γ/J = 20 and
2 · 103 trajectory samples.
will lead to a redistribution of the fermions towards a
thermal state.
In Fig. 8 we show the momentum distribution nk cor-
responding only to sites from [0, L˜ − 1], where L˜ marks
the extend of the metastable region right from the lossy
site at the longest considered times. The momentum dis-
tribution is defined by nkm = c
†
km
ckm , where ckm denotes
the Fourier transform of the fermionic operators
ckm =
1√
L˜
L˜∑
j=1
cje
−ikmj , (6)
with km =
mpi
L˜+ 1
and m ∈ {1, 2, . . . , L˜}.
The distribution at time t = 0 shows the Fermi step
at the initial Fermi wave vector within the resolution of
the finite system size. For small interaction strength of
V = 0.1J and dissipation ~γ = 20J fermions are lost
at all momenta below the Fermi level. However, after
a certain time a stable distribution arises for momenta
around the initial Fermi momentum. In particular in this
distribution, the Fermi step remains pinned at its initial
value, whereas the occupation below the Fermi momen-
tum is reduced. Additionally, a substructure just below
the Fermi momentum sets in, which causes a small rise
of the occupation around these values of the momentum.
For stronger interactions V = J , a similar evolution is
seen. The stronger interaction can be recognized in a
smearing out of the step in the initial momentum distri-
bution. With time, the occupation of all momenta below
the Fermi level is reduced and a rise is seen for the occu-
pation just above the Fermi momentum. At intermedi-
ate times, the evolution reaches a long lived metastable
state for momenta close to the initial Fermi surface. In
this quasi-stationary occupation, the Fermi step is still
located around its initial value. A slight increase of the
occupation just below the Fermi level arises, which is
more pronounced than in the case of weak interaction.
Therefore, the metastable state keeps its non-equilibrium
nature for intermediate times.
The slight rise close to the Fermi momentum could
have its origin in the fluctuation induced quantum Zeno
effect [15, 16]. A more direct verification of the fluc-
tuation induced quantum Zeno effect could be gained by
determining transport properties of the metastable state,
which goes beyond the scope of the current work.
V. CONCLUSION
We have investigated interacting spinless fermions sub-
jected to a local loss by numerically exact calculations us-
ing MPS methods. Our numerically exact treatment for
moderate system sizes complements the previous treat-
ments relying on approximate methods for interacting
fermions in the thermodynamic limit [15, 16]. Initially an
exponentially fast reduction of the density on the lossy
site is found. In a second time regime the Zeno effect
sets in for large dissipation strengths and causes a slow
down of the losses. As typical for the Zeno regime, the
time-scale for this second regime is inversely proportional
to the dissipation strength and depends on the interac-
tion strength. A metastable state is formed in a broad
region around the impurity, which has no thermal coun-
terpart. In particular, Friedel oscillations occur still at
the period related to the initial Fermi momentum and
the Fermi step in the momentum distribution remains at
its initial position even though the density is strongly de-
pleted. A slight increase of the momentum distribution
close to the initial Fermi momentum is found, which hints
at the existence of the fluctuation induced quantum Zeno
effect expected for larger systems [15, 16]. However, fur-
ther investigations of transport properties are required to
strengthen this support, and to identify the fluctuation
induced quantum Zeno effect.
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